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In this paper, we have investigated the effect of Be acceptors on the electroluminescence and the
spin polarization in GaAs/AlAs p-i-n resonant tunneling diodes. The quantum well emission
comprise two main lines separated by 20 meV attributed to excitonic and Be-related transitions,
which intensities show remarkably abrupt variations at critical voltages, particularly at the elec-
tron resonant peak where it shows a high-frequency bistability. The circular-polarization degree of
the quantum-well electroluminescence also shows strong and abrupt variations at the critical bias
voltages and it attains relatively large values (of 75% at 15 T). These effects may be explored
to design novel devices for spintronic applications such as a high-frequency spin-oscillators.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891996]
I. INTRODUCTION
Voltage control of the spin polarization of carriers is an
important issue for the development of novel spintronic devi-
ces.1,2 Particularly, it was shown that the spin-polarization of
carriers in Resonant Tunneling Diodes (RTDs) can be
voltage-selected, which makes these devices very attractive
for spintronic applications.3–15 The successful operation of
semi-magnetic RTDs as a voltage-controlled electron-spin-
polarized filter was first reported for structures based in II–VI
semiconductor alloys with a magnetic ion.4 Spin effects in
III–V non-magnetic RTDs under high magnetic was previ-
ously investigated.5–15 It has been demonstrated that both the
excitonic spin-splitting energy and the polarization degree of
the quantum well (QW) emission from p-i-p non-magnetic
RTDs under high magnetic fields present strong oscillations
near resonant peak voltages. In addition, the spin-splitting
and circular polarization degree did not present a clear corre-
lation, which implies that the spin polarization of carriers in
the QW cannot be explained by a simple thermal occupation
of the QW confined levels. Therefore, other effects such as
spin-conservation along the resonant tunneling through spin-
split levels and the spin-polarization of the carriers accumu-
lated at the contact layers should also be considered in order
to explain the spin-polarized emission from these devices.
In this paper, we have investigated the effect of Be
acceptors in the QW on the optical and spin properties of a
GaAs/AlAs p-i-n resonant tunneling diode. We have per-
formed polarization-resolved magneto-electroluminescence
(EL) measurements under magnetic fields up to 15 T. We
observed two main QW EL peaks separated by 20 meV,
which are attributed to the excitonic recombination between
fundamental confined states in the QW (E1 – HH1 recombi-
nation) and to the recombination involving holes bound to
acceptors in the QW (E1-A0 recombination). We also
observed remarkably abrupt changes on the relative inten-
sities of these two emission lines at critical voltages that cor-
respond to the onset of electron resonant tunneling and to the
E1 resonant peak. This effect is accompanied by similar ab-
rupt changes of the QW polarization degree near the E1 reso-
nant voltage peak. Particularly, the device shows evidence of
a spin polarization bistability at this critical voltage which
may be interesting for new spintronics devices.
II. EXPERIMENT DETAILS
Our RTD was grown by Molecular Beam Epitaxy on a
(001) nþ GaAs substrate. The device consists of the following
layers: 3 lm p-GaAs (2 1018 cm3) bottom contact, 100 nm
p-GaAs (1  1018cm3), 100 nm p-GaAs (5  1017cm3),
51 Å undoped GaAs spacer, 51 Å undoped AlAs barrier, 59 Å
undoped GaAs QW, 51 Å undoped AlAs barrier, 76 Å
undoped GaAs spacer, 348 Å n-GaAs (1016 cm3), 508 Å n-
GaAs (2  cm3), 1 lm n-Al0.33Ga0.67As (1.33  1018 cm3)
optical window, and 254 Å n-GaAs (2  1018 cm3) top con-
tact. P-type and n-type layers were achieved using Be impur-
ities and Si, respectively. It is worth to point out that the
thickness of the spacer layers are only 5 nm. Therefore,
besides background impurities, acceptors can diffuse into the
QW during growth from the doped layers. This effect is
expected to be stronger for Be diffusion from the p-doped
layers as they are grown first, i.e., before the double-barrier
structure. Circular mesas with 400 lm diameters were proc-
essed with annular AuGe contacts to allow optical measure-
ments. Eletroluminescence measurements were performed
at low temperatures under magnetic fields up to 15 T using
a Si CCD system coupled to a 0.5 m Andor spectrometer.
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Right- (rþ) and left- (r) circularly polarized emissions were
selected by using appropriate optical components.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Figure 1 shows a schematic band diagram of our structure
for: (a) voltages lower than the flat band condition (labeled
VFB) (V<VFB), (b) for the flat band condition (V¼VFB);
and (c) under a forward bias larger than VFB (V>VFB).
Under low applied voltages (VVFB), a negligible current
flows through the device, which corresponds to a typical cur-
rent in a reverse biased diode. However, as the voltage is
increased attaining a forward bias condition (V>VFB), quasi-
two-dimensional (2D) gases of electrons and holes form at the
spacer layers between the barriers and the doped layers for
the n-type and p-type sides, respectively. Under this condi-
tion, carriers from the 2D gases, including electrons (E), light-
(LH), and heavy- (HH) holes can resonantly tunnel through
the QW. At this condition, a current thus flows through the
structure and an EL signal can be observed from both the
GaAs contact layers and the QW. As will be discussed later,
depending on the applied bias voltage, the QW emission is
dominated by either an free excitonic transition (E1–HH1
recombination) or to a recombination involving Be acceptors
(E1-A0 recombination), as illustrated in Figure 1.
Figure 2 shows a typical characteristics I(V) curve of
the p-i-n RTD at low temperatures (5 K) where pronounced
electron- and hole-related resonances are evidenced.
Particularly, three clear peaks are observed, which we attrib-
uted to the resonant tunneling through the LH1, E1, and
HH2 states of the QW. In addition, a weak HH1 shoulder is
observed at lower bias solely in the differential conductance
of the I(V) characteristic curve (inset). The flat band condi-
tion is obtained when the p-i-n diode is forward biased with
1.51 V.
Figure 3(a) presents a color-coded map of the QW EL in-
tensity as function of applied voltage under B¼ 0 T. As men-
tioned before, under applied voltage, carriers from the contact
layers can tunnel through the QW and an EL signal is then
observed from this region. For an applied bias under B¼ 0 T,
the rþ and the r circularly polarized QW EL intensities are
identical. Therefore, the polarization degree is zero for
B¼ 0 T. The voltage dependence of the total QW integrated
EL intensity including both emission bands is shown in Fig.
3(b). The total QW emission intensity presents a good correla-
tion to the I(V) characteristics curve. If we consider a simple
theoretical model, the QW EL intensity should be proportional
to the product of the densities of electrons and holes inside the
QW. Therefore, the abrupt EL rising at1.66 V approximately
coincides with the onset of resonant tunneling of electrons into
the QW (E1), when a significant number of holes must already
be tunneling into the LH1 level. Furthermore, at the LH1 and
E1 resonant peaks, the EL intensity decreases abruptly. For
high biases (>1.85 V), the correspondence weakens out as the
probability of carriers tunnelling out of the QW through the
double barriers increases, which gives rise to a current but
decreases the density of carriers accumulated in the QW.
The EL image (Fig. 3(a)) and the selected spectra pre-
sented in Fig. 3(c) clearly show that the QW emission com-
prises two main bands separated by 20 meV. The relative
intensity of these two bands present very abrupt variations
FIG. 1. Schematic band diagram of the device including confined states (E1, HH1, LH1, and HH2) and a shallow level A0 due to the diffusion of Be impurity
in the QW for (a) voltages lower than flat band condition (b) at flat band condition and (c) for voltages higher than flat band condition.
FIG. 2. (a) I(V) characteristics curve at 5 K. The insert shows the differential
conductance dI/dV.
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that also correlate with the I(V) curve. The lower energy
band dominates the emission only for biases between the
LH1 and the E1 resonant peaks, where the tunneling of elec-
trons into the QW must overshadow the tunneling of holes.
For all other biases, the EL emission shows only the higher
energy band.
The high energy band is consistent with the calculated
energy of the excitonic recombination involving carriers
from the fundamental confined states of the QW (E1-HH1).
Therefore, the lower-energy emission must involve some
bound state in the QW. An analogous transition was previ-
ously observed using similar RTD devices.16 This previous
work16 conclusively demonstrated that the lower energy
band is related to transitions involving Be acceptors that can
diffuse from the p-doped contact into the QW during the
growth process of the devices. Particularly, they have shown
that increasing the spacer layer thickness between the Be
doped region and the tunnel barriers greatly reduces the in-
tensity of the lower energy emission band. In addition, they
have shown that the introduction of an intentional Be delta
doping in the QW of a p-i-n RTD strongly enhances the rela-
tive intensity of this emission. Furthermore, the energy dif-
ference between these EL emission lines observed in our
case, as well as in the previous work,16 is of 20 meV. We
can consider the simple expression for the binding energy of
a shallow acceptor in a QW
EA0 ¼ EE1HH1  EE1A0 þ EX;
where EE1-HH1 is the energy of the fundamental excitonic QW
transition, EE1-A0 is the energy of the transition involving E1
electrons and holes bound to this shallow acceptor, and EX is
the excitonic binding energy. Therefore, using the experimen-
tal result (EE1-HH1 - EE1-A0) 20 meV and the excitonic bind-
ing energy (17 meV) for a similar GaAs/AlAs QW,17,18,29,30
we obtain EA0¼ 37 meV, which is in agreement with previ-
ously theoretical/experimental result EA0 38 meV, reported
for Be acceptors binding in similar GaAs/AlAs QWs.16,26–28
However, there is an uncertainty on the value of EBe because
the binding energy is actually strongly dependent on the exact
position of the acceptors in the QW. Therefore, we attribute
the observed lower energy EL band to the recombination of
free electrons and holes bound to neutral Be acceptors in the
QW, which we label as the E1-A0 recombination.
Since the advent of semiconductor QWs, it has been
noticed that the observation of a shallow acceptor-related
transition from a QW has a relatively low probability as
compared to a bulk material with similar impurity concentra-
tions. This distinction has been attributed to the restriction of
the QW confined carriers to a more limited volume as com-
pared to bulk, especially for QWs with interface roughness,
when the carriers remain at trapped at interfaces localized
states at low temperatures. In bulk, carriers probe a larger
volume and therefore have a larger probability of being
eventually captured by a lower energy state related to a re-
sidual impurity resulting in a more efficient recombination
through impurity-related states as compared to QWs.19–22
However, the probability of impurity related transitions in a
QW can be significantly increased by reducing the carrier
localization, for instance by a small increase of the tempera-
ture or by increasing the density of the carriers, as those
effects give rise to an increased occupation of less localized
QW states.16 Therefore, the significant variations of carriers
density in the QW with small variations of the bias voltage
applied to a RTD structure may induce abrupt variations of
the intensity of QW impurity related transitions. In our case,
we believe that the abrupt appearance/disappearance of the
acceptor-related transition can be associated to the sudden
increase/ decrease of the density of injected electrons in the
QW, resulting in the occupation/emptying of delocalized
QW states where the electrons are more efficiently captured
by residual Be impurities in the well.
The evolution of the EL emission is particularly abrupt
around the E1 resonant peak, when the spectrum is immedi-
ately transformed from a single low energy band
(1.585 eV) to one clearly dominated by the higher energy
band (1.605 eV). In fact, the density of electrons in the QW
must decrease very abruptly when the applied voltage makes
the fundamental state of the two dimensional electron gas
(2DEG) overpasses the E1 level, usually known as the
FIG. 3. (a) Color-coded map of QW
EL intensity as a function of applied
voltage; (b) Voltage dependence of the
total QW EL integrated intensity; (c)
Typical electroluminescence spectra of
QW at 2 K for different applied
voltages.
054506-3 Awan et al. J. Appl. Phys. 116, 054506 (2014)
negative-differential resistance condition. Moreover, a high-
frequency bistability effect is commonly observed in such
condition resulting in abrupt variations of the current and in
a hysteresis-like effect.23,24 In our case, the bistability is
accompanied by a remarkable variation of the EL emission
with a substantial energy shift of 20 meV. This effect can
be observed by recording the EL emission as a function of
time using a streak camera detector (Hamamatsu C4334).
Figure 4 shows a single image shot of the QW EL emission
during a 10 ms time interval while the RTD structure is sub-
mitted to a constant bias voltage (1.7585 V) corresponding to
the negative-differential region (NDR) associated to the E1
resonant peak. We also present two typical spectra obtained
by integrating the EL emission over two distinct 0.5 s time
intervals and the integrated intensity for 2 nm intervals at the
peak of each band versus time. The spectra always show the
two QW emission bands discussed above. However, the in-
tensity of the low energy band presents a spontaneous abrupt
intensity variation at a given instant of the measurement,
which is clearly revealed by the intensity versus time plot.
Various single shot measurements were taken and several of
them present one or more similar random transitions where
the intensities of the two bands present sudden intensity var-
iations. The observed EL telegraphic-like noise is a remark-
able reflection of the bistability of the RTD structure that
results in a strong abrupt variation of the density of electrons
in the QW.
Figures 5(a) and 5(b) present color-coded maps of the
circularly polarized (rþ and r) QW EL emission as a func-
tion of the applied bias and the I(V) characteristic curve at
15 T. Besides the resonant peaks associated to electron and
hole resonances discussed above, the I(V) curve show addi-
tional peaks after the E1 peak associated to the well-known
scattering-assisted resonant magneto-tunneling effect.25 The
EL emission maintains the same as those obtained without
magnetic field, with the low energy QW band dominating the
spectra solely while the electron injection into the QW is res-
onant. We have used the same intensity color scale for both,
rþ and r images, making evident that the EL emission is
r polarized. We also present the total integrated QW EL
emission intensities as a function of the bias voltage (Figure
5(c)), which clearly correlates with the I(V) curve and rein-
forces the fact that the emission is strongly r-polarized for
voltages smaller than the E1 resonance.
Figure 5(d) presents the voltage dependence of the ex-
perimental degree of circularly polarization (DCP) calcu-
lated by
DCP ¼ ðIrþ  IrÞ=ðIrþ þ IrÞ; (1)
where Irþ and Ir are the integrated intensities of the rþ
and r circularly polarized QW EL emission (shown in
Figures 5(a) and 5(b)). The DCP was calculated for all meas-
ured bias voltages considering the total integrated EL emis-
sion including both energy bands and gives information
about the spin polarization of the carriers in the QW. The ex-
perimental DCP should represent the averaged spin polariza-
tion of the distributions of electrons and holes in the QW,
considering the established selection rules.2 Furthermore, we
have also estimated the separated polarization degree for
each emission band by fitting the EL spectra with Gaussian
bands for some bias voltages. This estimation involves, how-
ever, a relatively large error as the bands are not well
resolved and usually the EL emission is strongly dominated
by one of the bands, so that the other band appears solely as
a small shoulder of the main emission. In general, the
FIG. 4. Electroluminescence streak
image and the correspondent transients
(right side) and spectra (below)
obtained at the critical bias voltage
1.7585 V where an abrupt variation of
EL intensity is observed. The transi-
ents were obtained for integration
interval of 2 nm around the E1-A0
(green) and E1-HH1 (red) emissions.
The spectra were obtained for time
integration interval of 0.5 ms at two
distinct time intervals (black and blue).
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polarization degree from the QW emission starts from zero
at B¼ 0 T and tends to increase with the magnetic field, but
it usually shows some oscillations with B that correlate with
integer filling factors of the Landau levels from the electron/
hole gases.31 Our work is focused on the polarization degree
of the QW emission and the effect of its abrupt change with
bias involving an impurity-related emission. Therefore, we
focused on measurements under a high magnetic field (15 T),
where the polarization degree is more pronounced.
For bias voltages smaller than the E1 resonant peak
(<1.78 V), we obtained relatively high circularly polariza-
tion degrees (up to 75%) for the total EL emission. The
DCP value is rather large considering the relatively small
spin splitting energies observed for the QW emission bands
that are of the order of 2 meV or smaller for both emission
bands. Furthermore, the spin splitting energies are approxi-
mately constant for all bias range, showing no correlation
with the DCP dependence on the bias voltage. Therefore, the
voltage dependence of the carrier spin polarization in the
QW cannot be explained by a simple thermal occupation of
the QW levels. The total DCP value shows abrupt variations
that clearly correlates with the I(V) resonances, including
small peaks associated with the Landau level resonances at
larger voltages (>1.78 V).
In spite of the uncertainty of the DCP values obtained
from the fittings, the results show that the E1-A0 transition is
strongly polarized than the E1-HH1 transition for a given
bias voltage, which is in fact, a rather unexpected result. This
effect must therefore involve with the polarization of the
injected holes, while they relax to the fundamental HH1 state
or they are captured by Be acceptors. The results indicate that
the occupation of the spin polarized HH1 levels reinforce a
rþ transition reducing the effective E1-HH1 DCP value.
Additional investigations are, however, necessary to clarify
this point. Nevertheless, the sharp variations of the DCP
value for the total integrated EL emission at 1.70 and
1.79 V, are probably mainly related to the abrupt inversion of
the dominant EL emission band at these two voltages.
IV. CONCLUSIONS
In conclusion, we observed that the EL emission from
the QW comprises two distinct bands associated to the
E1–HH1 transition and a recombination involving residual
acceptors in the QW (E1-A0 transition). The total integrated
EL emission shows a strong correlation with the I(V)
resonances. Furthermore, the EL spectra shows remarkably
abrupt changes at the threshold and at the resonant peak
associated to the E1 resonant tunneling condition, when the
dominant band switches between the E1-HH1 and the E1-A0
bands. This switch is especially abrupt at the E1 resonance,
where we have observed an intriguing effect in the form of a
telegraphic–random noise with sudden inversions between
the two main QW emission lines when the EL emission was
measured as a function of time under a constant bias voltage.
The band switch is also accompanied by abrupt changes of
the QW polarization degree that are consistent with the
larger polarization degree of the QW recombination involv-
ing the acceptor state. Finally, our investigation revealed that
a p-i-n RTD present very abrupt voltage-controlled changes
of the QW EL emission including its intensity, peak energy,
and spin-polarization, which may be useful for the develop-
ment of future devices in spintronic applications.
ACKNOWLEDGMENTS
The authors acknowledge the financial supports from
the Brazilian Agencies (FAPESP (grants 2012/24055-6 and
2011/20985-6), CAPES, CNPq) and the UK Engineering and
Physical Sciences Research Council.
1J. Fabian, A. Matos-Abiague, C. Ertler, P. Stano, and I. Zutic, Acta Phys.
Slovaca 57, 565 (2007).
2I. Zutic, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323 (2004).
3M. M. Glazov, P. S. Alekseev, O. M. Adnoblyudov, V. M. Chistyakov, S.
A. Tarasenko, and I. N. Yassievich, Phys. Rev. B 71, 155313 (2005).
4A. Slobodskyy, C. Gould, T. Slobodskyy, C. R. Becker, G. Schmidt, and
L. W. Molenkamp, Phys. Rev. Lett. 90, 246601 (2003).
5H. B. de Carvalho, M. J. S. P. Brasil, V. Lopez-Richard, Y. Galv~ao
Gobato, G. E. Marques, I. Camps, L. C. O. Dacal, M. Henini, L. Eaves,
and G. Hill, Phys. Rev. B 74, 041305 (2006).
6H. B. de Carvalho, Y. Galv~ao Gobato, M. J. S. P. Brasil, V. Lopez-
Richard, G. E. Marques, I. Camps, M. Henini, L. Eaves, and G. Hill, Phys.
Rev. B 73, 155317 (2006).
FIG. 5. (a) and (b) Color coded maps of polarization resolved QW EL emis-
sion as a function of applied bias for different values under 15 T at T¼ 2 K.
(c) Polarization resolved of the total EL intensity as a function of bias under
15 T (d) Voltage dependence of the experimental degree of circular polariza-
tion (EL DCP) of the total QW EL and estimated values for E1-A0 and E1-
HH1 emissions under 15 T and 2 K.
054506-5 Awan et al. J. Appl. Phys. 116, 054506 (2014)
7H. B. de Carvalho, M. J. S. P. Brasil, Y. Galv~ao Gobato, G. E. Marques,
H. V. A. Galeti, M. Henini, and G. Hill, Appl. Phys. Lett. 90, 62120 (2007).
8L. F. dos Santos, Y. Galv~ao Gobato, G. E. Marques, M. J. S. P. Brasil, M.
Henini, and R. Airey, Appl. Phys. Lett. 91, 073520 (2007).
9L. F. dos Santos, Y. Galv~ao Gobato, G. E. Marques, M. J. S. P. Brasil, M.
Henini, and R. Airey, Appl. Phys. Lett. 92, 143505 (2008).
10M. Ruth, C. Gould, and L. W. Molenkamp, Phys. Rev. B 83,155408
(2011).
11S. Ohya, K. Takata, and M. Tanaka, Nat. Phys. 7, 342 (2011).
12Y. Galv~ao Gobato, H. V. A. Galeti, L. F. dos Santos, V. Lopez-Richard,
D. F. Cesar, G. E. Marques, M. J. S. P. Brasil, M. Orlita, J. Kunc, D. K.
Maude, M. Henini, and R. J. Airey, Appl. Phys. Lett. 99, 233507 (2011).
13V. O. Gordo, L. K. S. Herval, H. V. A. Galeti, Y. G. Gobato, M. J. S. P.
Brasil, G. E. Marques, M. Henini, and R. J. Airey, Nanoscale Res. Lett. 7,
592 (2012).
14H. V. A. Galeti, A. T. Bezerra, Y. Galv~ao Gobato, M. J. S. P. Brasil, D.
Taylor, and M. Henini, J. Phys. D 46, 505313 (2013).
15H. V. A. Galeti, M. J. S. P. Brasil, Y. Galv~ao Gobato, and M. Henini,
J. Phys. D. 47, 165102 (2014).
16H. B. Evans, L. Eaves, and M. Henini, Semicond. Sci. Technol. 9, 555
(1994).
17P. O. Holtz, M. Sundaram, J. L. Merz, and A. C. Gossard, Phys. Rev. B
40, 10021 (1989).
18M. Potemski, J. C. Maan, A. Fasolino, K. Ploog, and G. Weimann, Surf.
Sci. 229, 151 (1990).
19M. Godlewskiy, P. O. Holtzz, J. P. Bergmanz, B. Monemarz, K.
Reginskix, M. Bugajskix, E. M. Goldysk, and T. L. Tansley, Semicond.
Sci. Technol. 12, 1416–1421 (1997).
20C. I. Harris, B. Monemar, H. Kalt, P. O. Holtz, M. Sundaram, J. L. Merz,
and A. C. Gossard, Phys. Rev. B 50, 18367 (1994).
21J. Kundrotas, A. erskus, G. Valusis, L. H. Li, E. H. Linfield, A.
Johannessen, and E. Johannessen, J. Appl. Phys. 112, 043105 (2012).
22P. O. Holtz and Q. X. Zao, Impurities Confined in Quantum Structures
(Springer, 2004).
23P. Wojcik, J. Adamowski, M. Woloszyn, and B. J. Spisak, Phys. Rev. B
86, 165318 (2012).
24V. J. Goldman, D. C. Tsui, and J. E. Cunningham, Phys. Rev. Lett. 58,
1256 (1987).
25Y. G. Gobato, J. M. Berroir, Y. Guldner, J. P. Vieren, F. Chevoir, and B.
Vinter, Phys. Rev. B 44,13795 (1991).
26R. C. Miller, A. C. Gossard, T. Tsang, and O. Munteanu, Phys. Rev. B 25,
3871 (1982).
27D. Boffety, A. Vasson, A.-M. Vasson, J. Leymarie, T. S. Cheng, C. A.
Bates, and J. M. Chamberlain, Semicond. Sci. Technol. 11, 340 (1996).
28W. M. Zheng, M. P. Halsall, P. Harmer, P. Harrison, and M. J. Steer,
J. Appl. Phys. 92, 6039 (2002).
29L. Greene, K. K. Bajaj, and D. E. Phelps, Phys. Rev. B 29, 1807 (1984).
30G. Oelgart, M. Proctor, D. Martin, F. Morier-Genaud, F.-K. Reinhart, B.
Orschel, L. C. Andreani, and H. Rhan, Phys. Rev. B 49, 10456 (1994).
31H. V. A. Galeti et al., Semicond. Sci. Technol. 27, 015018 (2012).
054506-6 Awan et al. J. Appl. Phys. 116, 054506 (2014)
